We evaluate improvements in information capacity gained by use of time-division multiplexing (TDM) in three-dimensional integral imaging (II) systems. This analysis supports the motivation for two TDM methods in II [Opt. Lett. 27, 324 (2002) Integral photography is a passive three-dimensional (3D) imaging technique for capturing incoherent light rays from different directions. It was first proposed by Lippman 1 and is being actively studied for 3D TV and visualization.
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2 Figure 1 depicts a typical integral imaging (II) recording setup. Rays emerging from 3D objects pass through a lenslet or pinhole array to generate elemental images that are captured on a recording medium. With traditional integral photography, reconstruction is carried out optically by generating inverse propagating rays with a system similar to the recording one. If the elemental images in II are recorded digitally, 3D images can be reconstructed by computational methods. 2, 3 The amount of information captured by an II system was evaluated in Ref. 4 through the Shannon number. The Shannon number 4 determines the number of degrees of freedom of the system. For a given signal-to-noise ratio it is proportional to the information capacity of the system. The Shannon number is determined by the optical setup of the II system and the components used. A method of increasing the Shannon number of an II system is by time-division multiplexing (TDM), i.e., by taking multiple different exposures of the same scene. 3, [5] [6] [7] [8] [9] [10] We have successfully demonstrated the TDM concept previously with two II methods: a moving-array lenslet technique 3, [5] [6] [7] (MALT) and a synthetic-aperture integral image 8, 9 (SAII). In this Letter we calculate the information capacity that can be gained by use of TDM II.
The information capacity of an II system can be estimated through the well-known Shannon formula for the transmission capacity of a communication channel
where S denotes the Shannon number and SNR is the signal-to-noise ratio. In Eq. (1) it is assumed that the noise and the signal are statistically independent and possess a Gaussian distribution. For other distributions a lower information capacity should be expected, and thus Eq. (1) can be considered an upper bound of the information capacity of the channel. In Ref. 4 it was shown that the Shannon number of an II system depends on various parameters of the system, such as the amount of diffraction through the aperture, the aperture pitch and its distance to the pickup plane, and the resolution of the recording sensor and focusing. With the proper optical setup, and with appropriate optical components, the Shannon number can be maximized, and consequently the information capacity can be optimized [Eq. (1)]. However, the Shannon number is always bounded; an upper limit is always imposed by one of the system components. For instance, in many typical cases the bandwidth of the capture system is limited primarily by the digital sensor. 4, 12 In such a case it can be shown 4 that the Shannon number is approximately the total number of recording device pixels. Thus the maximum information that can be captured by an II system using one exposure is always upper bounded by the number of pixels of the detector, even with an optimized optical setup. For example, the maximum information capacity of a typical II system using a 3-Mpixel CCD sensor and having a SNR of 37 dB is, according to Eq. (1), 9.25 Mbits.
To break through this paradigm, multiple different IIs can be recorded with TDM. The Shannon number
where S is the Shannon number for a single exposure. Equality on the left-hand side of relation (2) holds if exactly the same exposure is repeated M times. On the other hand, equality on the right-hand side of relation (2) holds if the M exposures are completely independent. This result is obtained if the displacement of the lenslet array is larger than the array size or is not an integer multiple of the array pitch. Thus by proper displacement of the lenslet array the Shannon number can be increased up to M times. If we assume that the M multiplexed images were taken under similar conditions, and thus that they have the same SNR, the information capacity within the M exposures is
͑3͒
where
is the information capacity of one exposure with SNR 0 . Hence, if the SNR does not deteriorated after M independent exposures, an information capacity gain I M / I 0 of M can be obtained with TDM II. However, in applications for which the total exposure time per frame is limited, such as in video sequence acquisition, the exposure time of each of the M images needs to be reduced, which in turn decreases the SNR. In the following we analyze the effect of shortening the exposure on the information capacity captured by II.
The average noise captured in an II system is given by
where N cd is the noise induced by the capture device and N ct is noise that is due to cross talk of the elemental images. Cross-talk noise term N ct occurs if the elemental images overlap 9,13 and can be virtually canceled by proper design. 13 In such a case the SNR of each exposure SNR M is determined solely by the noise of the capturing device, N cd . If a CCD is used for capture, the average noise power is given by
where n shot 2 is the shot noise due to the discrete nature of the photoelectrons, 14,15 n CCD 2 is the noise due to the CCD chip and includes effects of dark current, fixed pattern noise, reset noise, and on-chip amplifier noise, 14 and n readout 2 is the readout noise, including off-chip amplifier and quantization noise.
14 With a typical II system working with sufficient illumination (typically larger than a few microwatts per meter squared) the shot noise is dominant. 14 In such a case the SNR reduces to
͑7͒
where P denotes the average signal power. In relation (7) we used the fact that the shot noise is given by the square root of P. 14, 15 The signal power is proportional to the exposure time t e : P ϰ t e . Therefore if the exposure time is reduced by a factor of M the SNR is reduced by 1 / ͱ M:
͑8͒
where SNR 0 denotes SNR obtained by use of full exposure time t e and SNR M denotes the SNR obtained with the exposure time reduced to t e / M to capture M-multiplexed images during the same period. Consequently, according to Eq. (1), the total information capacity within M independent multiplexed IIs captured with exposure time t e / M is
We note that the shot-noise rate has a Poisson distribution. Assuming that P is not very low (at least a few hundred electrons per exposure), according to the central limit theorem, the shot noise integrated by the CCD is approximately Gaussian, justifying the utilization of the Shannon channel capacity formula in Eq. (9) . In practice, large values of M involve high processing complexity; therefore M is typically small.
Thus with typical SNR values, SNR 0 ӷ ͱ M and Eq.
(9) can be approximated by
͑10͒
where I 0 is defined in Eq. (4). Thus it can be seen that the information capacity gain I / I 0 is always less than M. The dependence of I / I 0 on multiplexing order M for different values of SNR 0 is shown in Fig. 2 . It can be seen that for large SNR 0 the information capacity gain approaches the multiplexing order M. The increase in information captured by TDM can be illustrated heuristically for two previously developed TDM approaches, MALT 3, 5 and SAIL. 8, 9 With MALT, the lenslet array is moved slightly perpendicular to the optical axis. Multiple exposures are taken in a range of motion that is smaller than the lenslet or aperture pitch. Thus a denser ray field is captured, improving mainly the resolution, as illustrated in Fig. 3 . The solid and dashed lines denote the lenslet-array elemental images and the rays collected by the array located at two positions ͑M =2͒, respectively. It can be seen that the density of (parallel) rays collected at the lenslet-array plane is doubled. With SAII, 8, 9 multiple exposures are taken while the lenslet array and the detector are moved together, typically with large steps. The information captured is increased mainly because a larger viewing zone is captured, as demonstrated in Fig. 4 . With one exposure, only two of the objects in Fig. 4 can be captured. If an additional exposure is taken when the lenslet is moved laterally, the third object is captured as well.
We note that the results presented in this Letter are valid in general, except in pathological cases. Pathological cases occur when objects are out of paralaxial range during part of the exposure or if one part of the object is in focus and the other part is severely out of focus. In the first case the Shannon number's dependence on exposure ͓S = S͑i͒i =1. . .M͔ needs to be considered in Eqs. (2), (9) , and (10). In the second case the local bandwidth is dependent on the amount of defocus, which requires careful calculation of the space-bandwidth product area 4 that is used to estimate S.
In conclusion, we have described the benefits of time-division multiplexed integral imaging systems in terms of gain of information capacity. The information capacity is always bounded by system components such as the lenslet array or the aperture plate. TDM is a valuable method of increasing the information captured with an II system. We have shown that, with typical TDM II implementations that operate at a high SNR and a low multiplexing order ͑M͒, an information gain of nearly M can be achieved.
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